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MODIFICATION OF THE 
MAZE PROCEDURE FOR 
ATRIAL FLUTTER AND 
ATRIAL FIBRILLATION 
I. Rationale and surgical 
results 
The original maze procedure that was described for the treatment of 
patients with atrial fibrillation was followed by an unacceptable incidence 
of two problems: (1) the frequent inability to generate an appropriate sinus 
tachycardia in response to maximal exercise and (2) occasional eft atrial 
dysfunction. In an effort to overcome these problems, we modified the 
original technique (maze I) twice. The results of these modifications 
culminated in the maze III procedure, which is associated with a higher 
incidence of postoperative sinus rhythm, improved long-term sinus node 
function, fewer pacemaker equirements, less arrhythmia recurrence, and 
improved long-term atrial transport function. In addition, the maze HI 
procedure is technically less demanding than either the maze I or maze H 
procedure. Therefore, the maze III procedure is now the technique of choice 
for the management of medically refractory atrial fibrillation. (J THORAC 
CARDIOVASC SURG 1995;110:473-84) 
James L. Cox, MD, John P. Boineau, MD, Richard B. Schuessler, PhD, 
Robert D. B. Jaquiss, MD, and Demetrios G. Lappas, MD, St. Louis, Mo. 
D uring the past several years, the maze procedure has become an important method of treating 
patients with medically refractory atrial flutter and 
atrial fibrillation, a-ll Follow-up evaluation of the 
first 32 patJ[ents to undergo the maze procedure 
revealed that two late postoperative problems oc- 
curred in some patients: (1) inability to generate an 
appropriate sinus tachycardia n response to maxi- 
mal exercise and (2) occasional postoperative l ft 
atrial dysfunction. Because of these late postopera- 
tive problems, the surgical technique was modified. 
Between September 25, 1987, and June 25, 1994, 
123 patients underwent the maze procedure for the 
treatment of atrial flutter or atrial fibrillation, or 
both. Thirty-two of the first 33 patients underwent 
the standard maze I procedure (Fig. 1) described 
previously. 4 The surgical technique was modified 
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(maze II procedure) in patients 34 through 48 (Fig. 
2) and again (maze III procedure) in patients 49 
through 123 (Fig. 3). 12 Patient 2 underwent the 
equivalent of the maze III procedure and is included 
in that group. The demographics of these three 
groups of patients are listed in Table I. 
Rationale for technical modifications 
Inability to generate an appropriate sinus tachy- 
cardia after the operation. Detailed electrophysi- 
ologic mapping studies in our laboratory have doc- 
umented the presence of an atrial pacemaker 
complex both in dogs and in human beings. 13' 14 The 
atrial pacemaker complex, an area of 2 by 5 cm, is 
centered about the anatomic sinoatrial (SA) node. 
Points of earliest activation can occur anywhere 
within this area, and the site of impulse origin 
changes, together with changes in rate, in response 
to differing humoral and neural inputs. For example, 
during humorally mediated sinus bradycardia (e.g., 
propanolol-induced), thesinus impulse usually orig- 
inates from the lower portion of the atrial pace- 
maker complex near the orifice of the inferior vena 
cava (IVC) below the anatomic SA node. On the 
contrary, sinus tachycardia, whether humorally or 
neurally mediated, can originate from the region of 
the right atrium immediately anterior to the junc- 
tion of the superior vena cava (SVC) with the right 
atrium (Fig. 4). 
As originally described, 4 the maze procedure 
(maze I) included several incisions around the SA 
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Fig. 1. Two-dimensional representation f the original maze I procedure for atrial fibrillation. In the left 
panels, the atria are depicted as if viewed from the posterior direction with the back of both atria in the 
lowerpaneL The atria are then divided in a sagittal plane and the anterior half of the atria are "flipped" 
up in the upper panel. The rightpanel shows the surface of the right atrial septum. Both atrial appendages 
are excised and the pulmonary veins are isolated. Appropriately placed atrial incisions not only inter- 
rupt the conduction routes of the most common reentrant circuits, but they also direct he sinus impulse 
from the SA node to the atrioventricular node along a specified route. The entire atrial myocardium 
(except for the atrial appendages and pulmonary veins) is electrically activated, which preserves 
postoperative atrial transport function. (From Cox JL. Evolving Applications of the Maze Procedure for 
Atrial Fibrillation [Invited Editorial]. Reprinted with permission from The Society of Thoracic Surgeons. 
Ann Thorac Surg 1993;55:578-80.) 
node, one of which was located directly anterior to 
the junction of the SVC with the right atrium, that 
is, through the sinus tachycardia region of the right 
atrium (Fig. 1). The suspicion that this incision 
might prevent an appropriate sinus tachycardia after 
the operation was not raised until well into the 
clinical series of maze procedures because (1) the 
inability to generate an appropriate sinus tachycar- 
dia after the operation was not recognized initially 
and (2) the sinus tachycardia region of the right 
atrium was not identified in human beings until after 
the maze procedure had been introduced clinically. 
Once it became apparent that this incision was the 
most likely reason that an appropriate sinus tachy- 
cardia did not develop during maximal exercise in 
some patients, the incision was eliminated. 
The maze I procedure and its first modification 
(maze II procedure) were evaluated extensively in 
the research laboratory for several years, the maze 
II procedure being evaluated exclusively for more 
than 2 years. 3' 15-19 Once the incisions around the SA 
node were deleted, it became necessary to add a 
counterincision on the anterior ight atrium to pre- 
vent reentry from developing around the base of the 
right atrium (Fig. 2). The incision that had previ- 
ously extended from the base of the excised right 
atrial appendage, across the atrial septum, and then 
across the dome of the left atrium to the base of the 
left atrial appendage (Fig. 1) also had to be modified 
extensively. So that the sinus impulse could travel 
anteriorly across the left atrium and still not reenter 
around the SVC orifice, it was necessary to move the 
left atrial dome incision slightly more posteriorly 
and to terminate its right end in the medial SVC 
orifice (Fig. 2). 
The combination of moving the left atrial d~_. 
incision more posteriorly and adding the ante 
right atrial counterincision solved the problem 
the incisions around the SA node, particularly 
through the sinus tachycardia region, and it also 
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Fig. 2. Maze II procedure: Same views as in Fig. 1. Note that the previous incision through the sinus 
tachycardia area has been deleted and the transverse atriotomy across the dome of the left atrium has been 
moved posteriorly to allow better intraatrial conduction. The major problem with this modification of the 
maze procedure was that is was necessary to completely transsect the SVC to gain exposure of the left 
atrium. (From Cox JL. Evolving Applications of the Maze Procedure for Atrial Fibrillation [Invited 
Editorial]. Reprinted with permission from The Society of Thoracic Surgeons. Ann Thorac Surg 
1993;55:578-80." 
Fig. 3. Maze III procedure: Same view as in Fig. 1. Placement of the septal incision posterior to the orifice 
of the SVC ,provides excellent exposure of the left atrium. (From Cox JL. Evolving Applications of the 
Maze Procedure for Atrial Fibrillation [Invited Editorial]. Reprinted with permission from The Society of 
Thoracic Surgeons. Ann Thorac Surg 1993;55:578-80.) 
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Fig. 4. Site of origin of sinus tachycardia impulses. Same view as leflpanels of Fig. 1. The atrial pacemaker 
complex described by Boineau and associates 13both in dogs and in human beings is a broad area in the 
right atrium from which the sinus impulse can normally arise, the exact site of origin depending on the 
physiologic onditions controlling thesinus rhythm. However, in all cases of sinus tachycardia, the sinus 
impulse originates at the anterior junction of the SVC and right atrium, as shown in this activation time 
map recorded intraoperatively from a patient during sinus tachycardia. The maze I procedure includes an 
incision directly through this sinus tachycardia region of the right atrium. This is the most likely explanation 
for the blunted sinus node response to maximum exercise after the maze procedure and is an observation 
that led directly to its modification. IVC, Inferior vena cava; PV, pulmonary valve; LAA, left atrial 
appendage; SVC, superior vena cava; RAA, right atrial appendage; MV,, mitral valve; TV,, tricuspid valve; 
A, a wave. (From Boineau JP, Canavan TE, Schuessler RB, Cain ME, Corr BP, Cox JL. Demonstration f 
a Widely Distributed Atrial Pacemaker Complex in the Human Heart. Circulation 1988;77:1221-37. 
Published with permission.) 
prevented reentry around either the base of the 
right atrium or the orifice of the SVC. Thus this 
maze II procedure was equal to the maze I proce- 
dure in preventing atrial fibrillation, and it had the 
theoretical advantage of having less adverse long- 
term effects on the SA node and interatrial conduc- 
tion. Unfortunately, significant new technical prob- 
lems were introduced with the maze II procedure. 
Because the position of the left atrial dome incision 
determines the position of the atrial septal incision, 
moving the former more posteriorly also moved the 
latter more posteriorly. Thus the atrial septotomy in
the maze I1 procedure was located directly below 
the orifice of the SVC (Fig. 2, right panel) rather 
than anterior to the SVC orifice (Fig. 1, right panel). 
This made exposure for the left atrial incisions 
extremely difficult. In fact, after these modifications, 
the only way to gain adequate left-sided exposure 
was to divide the SVC and retract he entire right 
atrium anteriorly. 
It is important to recognize that in both the maze 
I and the maze II procedures, there are two incisions 
that terminate in the orifice of the SVC (Figs. 1 and 
2). It is virtually impossible to close these two 
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incisions without narrowing the distal portion of the 
SVC. Therefore, it was necessary to patch one of 
these incisions, our own preference being to use 
autologous pericardium. Thus, at the completion of 
the maze l[I procedure, it was necessary to close the 
two longitudinal incisions in the distal SVC, patch 
one of them, and then reapproximate he divided 
ends of the SVC, all of which occurred in the distal 
2 to 3 cm of the SVC. Because of the fragile nature 
of the SVC and the extensive surgery required in a 
small area of the terminal SVC, this was the most 
technically demanding and time-consuming portion 
of the maze II procedure. In addition, the maze II 
procedure dJid not appear to correct all problems 
associated with the maze I procedure. As a result, 
further modifications of the technique were re- 
quired. 
Postoperative left atrial dysfunction. The origi- 
nal animal studies evaluating the effects of the maze 
I procedure ,on atrial blood flow confirmed that the 
multiple atriotomies did not cause any early or late 
atrial myocardial ischemia. 18-2° Therefore, the ap- 
parent lack of left atrial function in some patients 
after the operation prompted a search for other 
causes. Because the right atrium was documented to
function normally in all patients both early and late 
after the operation, it seemed that the most likely 
explanation for the occasional absence of left atrial 
function was interatrial conduction delay. The rela- 
tionship between delayed interatrial conduction and 
the absence of detectable ft atrial function can be 
explained as follows. 
Normally, the sinus impulse originates near the 
top of the right atrium and propagates rapidly 
(within approximately 40 msec) to the top of the left 
atrium across Bachmann's bundle, a thick band of 
atrial muscle., fibers extending from the region of the 
SA node to the top of the left atrium. 21' 2z This early 
arrival of the sinus impulse in the left atrium allows 
both atria to activate almost simultaneously from 
top to bottom, which thereby forces blood into their 
respective ventricles in the most efficient manner. 
Bachmann's bundle is either divided (Fig. 1) or 
incorporated (Fig. 2) in the left atrial dome incision 
in the maze I and maze II procedures, respectively. 
Therefore, it is not always possible for the sinus 
impulse to arrive as early as normal in the left 
atrium. Indeed, after the maze I and maze II 
procedures, it may occasionally take as long as 150 
msec for the sinus impulse to propagate from the 
right atrium to the left atrium in some patients. If 
the atrioventricular (AV) interval in such a patient is 
Table I. Comparison of patient demographics for 
the three types of maze procedures 
Maze I Maze II Maze III 
Demographic (n = 32) (n = 15) (n = 76) 
Average age(yr) 50_+13 52-+12 54.-+11 
Male (%) ' 75 80 72 
Paroxysmal AF (%) 56 40 58 
Chronic AF (%) 44 60 42 
Preop. duration of AF (yr) 11 -+ 10 6 +_ 5* 9 +_ 8 
Previous operation (%) 13 0 7 
Concomitant operation (%) 16 20 34 
AF, Atrial flutter and/or atrial fibrillation. All comparisons between the 
maze nI procedure and each of the other two procedures are statistically 
insignificant. 
*p < 0.05, maze n compared with maze I procedure. 
also 150 msec, the sinus impulse will arrive in the left 
atrium and the left ventricle at virtually the same 
time. As a result, the left atrium and left ventricle 
will contract simultaneously and therefore ffective 
left atrial contraction will not occur. However, be- 
cause right atrial activation will still precede right 
ventricular contraction by 150 msec, right atrial 
function will appear to be normal. In such a patient, 
the follow-up studies of atrial transport function will 
document normal right atrial function with no left 
atrial function. 
In an effort to overcome this problem of pro- 
longed interatrial conduction time, we modified the 
maze II procedure by moving the entire left atrial 
dome incision more posteriorly (maze III, Fig. 3). 
This, in turn, caused the atrial septotomy to be 
moved more posteriorly as well. This rather minor 
modification resulted in several dramatic technical 
and functional improvements in the maze procedure 
concept. First, with the atrial septotomy now being 
posterior to the SVC, the exposure of the left side of 
the heart is superb. Furthermore, in the maze III 
procedure, only one incision extends into the SVC 
orifice (Fig. 3); therefore, pericardial patching is 
no longer necessary. The maze III procedure thus 
addresses both the chronotropic incompetence of 
the sinus node and the occasional dysfunction of the 
left atrium while making the procedure much easier 
to perform technically. 
Results 
Early results (<3 months after the operation). 
Three of 123 patients (2.4%) died in the periop- 
erative period, the first after the maze II proce- 
dure combined with a Morrow myotomy and 
myectomy for end-stage hypertrophic obstructive 
cardiomyopathy. Two deaths followed the maze 
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Table II. Perioperative morbidity less than 3 
months after the three types of maze procedures 
Maze I Maze II Maze III 
Postop. complication (n = 32) (n = 15) (n = 76) 
Atrial arrhythmias (%) 34 53 45 
Fluid retention (%) 19 7 7 
Pancreatitis (%) 0 0 4 
Hemorrhage (%) 9 0 3 
Pneumonia (%) 3 7 1 
Low output syndrome (%) 3 0 1 
TIA (%) 0 7 1 
Myocardial infarction (%) 0 0 1 
Stroke (%) 3 0 0 
All comparisons among all three procedures are statistically insignificant. 
IlI procedure. The first occurred in a 72-year-old 
coal miner with black lung disease who died of 
postoperative respiratory insufficiency, and the 
second occurred in a 72-year-old man who had an 
unexpected cardiac arrest as a result of delayed 
cardiac tamponade. There have been no other 
early or late deaths. 
The most common complications after all three 
procedures were perioperative atrial arrhythmias 
and early postoperative fluid retention (Table II). 
Only one perioperative stroke occurred (maze I), 
and it completely resolved within several weeks. 
There were two additional transient ischemic at- 
tacks (TIAs) and one perioperative myocardial in- 
farction. Except for postoperative fluid retention, 
which was recognized after patient 7 and greatly 
attenuated thereafter by the administration of spi- 
ronolactone, there were no significant differences in
perioperative morbidity among the three proce- 
dures. 
Late results (3 to 81 months after the operation). 
On June 25, 1994, 111 of the 123 patients had at 
least 3 months of postoperative follow-up. These 
late results were tabulated in those 111 patients. 
There has been only one late TIA and there have 
been no late strokes related to the surgical proce- 
dures, to the occasional short-term postoperative 
anticoagulation, or to recurrent atrial arrhythmias. 
One patient who did not receive anticoagulation had 
a hemorrhagic stroke 38 months after the operation 
as a result of long-standing, severe hypertension that 
was present before the operation. 
The TIA occurred in a 48-year-old man who had 
paroxysmal atrial flutter for 6 years before the 
operation. He had two thromboembolic episodes 
before the operation, one TIA and one embolism to 
the superior mesenteric artery. Postoperatively, he 
Table III. Effects of different maze procedures' on 
late SA node function 
Complication Maze I Maze II Maze III 
Inappropriate r sting bradycardia 1/32 0/14 1/65 
Inappropriate r sting tachycardia 4/32 0/14 8/65 
Blunted chronotropic response 23/32 3/9 6/47* 
The total number of patients evaluated todate appears in the denomina- 
tor. The numerator represents he number of patients who had a positive 
finding for the complication listed. 
*p < 0.001, maze III compared with maze I. 
had a brief episode of atrial flutter at 5 months and 
another at 19 months. However, the TIA occurred 
during normal sinus rhythm 12 months after the 
operation. The TIA involved the face only and 
resolved completely within 1 hour. The patient is 
now receiving warfarin and has remained in normal 
sinus rhythm for the past 18 months. 
Postoperative SA node function. The different 
types of maze procedures had substantially different 
effects on late function of the SA node (Table III). 
Using the criteria of a normal SA node before the 
operation followed by the necessity for a perma- 
nent pacemaker after the operation, the surgical 
procedure itself resulted in injury of the SA node 
in only two patients, one after the maze I proce- 
dure (3%) and one after the maze III procedure 
(2%). However, the prevalence of inappropriate 
resting sinus tachycardia increased with the maze 
III procedure. This phenomenon occurred be- 
tween 4 and 12 months after the operation and 
was characterized by an average resting heart rate 
of 120 beats/rain. All 15 patients with this problem 
were successfully treated with low-dose oral/3-ad- 
renergic blockers. 
Deletion of the maze I incision through the sinus 
tachycardia region of the atrial pacemaker complex 
resulted in an improvement in the ability of the SA 
node to generate an appropriate sinus tachycardia 
after the operation (Table III and Fig. 5). The 
average maximal postoperative h art rate with exer- 
cise was 116 _+ 15 beats/rain after the maze I 
procedure, 132 + 14 beats/min after the maze II 
procedure, and 139 _ 19 beats/rain after the maze 
III procedure (p < 0.05 comparing maze II to maze 
I; p < 0.001 comparing maze III to maze I). This 
maximum chronotropic response of the SA node to 
exercise, regardless of the type of maze procedure 
performed, varies with time (Fig. 6). For example, if
the maximum rate response to exercise is plotted 
against ime after operation for each of the three 
types of maze procedures, regression analysis re- 
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Fig, 5. Maximum heart rate responses during exercise after the maze I, maze II, and maze III procedures. 
Each bar represents a single patient. The height of the bar denotes the maximal heart rate during exercise. 
Note tlhat after the maze II and maze III procedures, the sinus node was capable of generating a more rapid 
rate response to exercise than after the maze I procedure. 
veals significance for both the type of operation and 
the time since operation. 
There are: numerous reasons why permanent 
pacemakers are required after the maze procedure, 
the most common being the presence of preoperative 
sick sinus syndrome. 1° Nevertheless, the require- 
ments for permanent pacemakers decreased sub- 
stantially after the incisions around the SA node 
were deleted, that is, after the maze II and maze III 
procedures (Table IV). 
Postoperative arrhythmia recurrence. Atrial flut- 
ter recurred in five patients, in each case after the 
maze I procedure (Table V). All five patients were 
treated successfully with a single antiarrhythmic 
drug. Seven patients had recurrent atrial fibrillation, 
three of 32 patients after the maze I procedure (9%) 
and four of 65 (6%) after the maze III procedure. In 
six of the seven patients the arrhythmia converted to 
sinus rhythm with medical therapy, and only one 
patient remains in atrial fibrillation. That patient 
had a maze I procedure. Thus all patients who had 
either a maze II or a maze III procedure are now 
free of atrial flutter and atrial fibrillation (Table VI). 
Currenl cardiac rhythm. After all of the maze 
procedures combined, 66% of the patients are in 
normal sinus rhythm, 33% are atrially paced, and 
1% remains in atrial fibrillation (Table VII). How- 
ever, the technical modifications described resulted 
in an increase in the prevalence of postoperative 
sinus rhythm from 44% after the maze I procedure 
to 75% after the maze III procedure. 
Postoperative atrial function. Immediately after 
completion of the surgical procedure, both left and 
right atrial transport function were evaluated in all 
patients by direct visualization, transesophageal 
echocardiography, and/or AV pacing versus ventrie- 
ular pacing at the same paced rates. In addition, 
most patients underwent either dynamic or three- 
dimensional magnetic resonance imaging and/or 
transthoracic echocardiography at least once before 
hospital discharge. It was assumed that any of these 
tests could give a false negative result, but not a false 
positive result. Therefore, if any one of these tests 
indicated the presence of atrial mechanical contrac- 
tion, atrial transport function was considered to be 
present in that atrium regardless of the results of the 
remaining tests. By one or more of these techniques, 
all patients were documented tohave both right and 
left atrial transport function in the early postopera- 
tive period. 
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Fig. 6. Regardless ofthe type of maze procedure performed, the chronotropic response of the sinus node 
to exercise increases with time. Multiple regression analysis of the data in this graph demonstrate 
significance for both the type of procedure performed and the length of time after the operation that the 
patient was evaluated. 
Table IV. Permanent pacemaker requirements after 
the three types of maze procedures 
Table V. Arrhythmia recurrence after the three types 
of maze procedures 
Procedure Pacemakers n % Atrial Atrial 
Maze I 18 32 56 Procedure flutter fibrillation Total % 
Maze 1I 4 14 29 Maze I 5/32 3/32 8/32 25 
Maze III 16 65 25* Maze II 0/14 0/14 0/14 0 
Maze III 0/65 4/65 4/65* 6* 
n, Total number of patients followed up for at least 3 months after the 
operation. The total number of patients undergoing agiven procedure and followed 
*p < 0.005, maze UI compared with maze I. up for at least 3 months after the operation appears in the denominator. 
The numerator represents the number of patients who had a recurrence of 
the arrhythmia listed. 
*p < 0.02, maze III compared with maze I. 
By June 25, 1994, 90 patients had been reevalu- 
ated approximately 6 months after the operation 
specifically for the presence or absence of right 
atrial, left atrial, and overall atrial transport func- 
tion. These evaluations included all of the same tests 
performed uring the operation, except direct visu- 
alization, and the same criteria for positive results 
were used. Right atrial transport function was doc- 
umented to be present in 98% of all patients regard- 
less of the type of maze procedure that had been 
performed (Table VIII). On the contrary, left atrial 
transport function was present in 72% of patients 
after the maze I procedure and in 64% of patients 
after the maze II procedure (Table IX). However, 
further modification of the technique, as described 
earlier, resulted in left atrial transport function in 
94% of patients after the maze III procedure. 
Moreover, when compared with ventricular pacing, 
AV sequential pacing at the same rate resulted in an 
increase in the thermodilution cardiac output in 52 
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Table VI. Control of recurrent arrhythmias 
following the three types of maze procedures 
Controlled 
Procedure Recurrence No. % 
Maze I 8/32 31/32 97 
Maze I I  0/14 14/14 100 
Maze I I I  4/65* 65/65 100 
The total number of patients undergoing a given procedure and followed 
up for at least 3 months after the operation appears in the denominator. 
The numerator epresents the number of patients who had a positive 
finding for the result listed. 
*p < 0.02, maze III compared with maze I. 
Table VII. Current cardiac rhythm after the three 
types of maze procedures 
Procedu~ 
Sinus Atrial Atrial Atrial 
rhythm paced flutter fibrillation 
(%) (%) (%) (%) 
Maze I 44 53 0 3 
Maze I I  71 29 0 0 
Maze I I I  75* 25* 0 0 
Total  66 33 0 1 
The total number of patients undergoing a given procedure and followed 
up for at least 3 months after the operation appears in the denominator. 
The numerator represents he number of patients who presently have the 
rhythm listed. 
*p < 0.02, maze III compared with maze I. 
of 54 patients o evaluated, which confirmed atrial 
contribution to forward cardiac output in 94% of all 
patients, regardless of the type of maze procedure 
performed. 
Discussion 
Because of the documented fficacy of the maze I
procedure in ablating atrial flutter and atrial fibril- 
lation, we were reluctant to alter the placement of 
the atriotomies. However, when it became apparent 
that several patients had a poor chronotropic re- 
sponse to exercise and others had left atrial dysfunc- 
tion, experimental studies were initiated to evaluate 
the possibility of rearranging the atrial incisions to 
overcome these two problems. One of the risks 
involved in modifying the maze I procedure was that 
the modified procedure might prove to be less 
efficaciouS in ablating the arrhythmias. In addition, 
the possibility also existed of replacing one set of 
postoperative problems with another. 
The first modification, the maze II procedure, was 
extremely difficult to perform technically. Neverthe- 
less, it was eventually introduced clinically and 
proved to be as safe and effective as the maze I 
procedure. A further slight modification, however, 
Table VIII. The incidence of postoperative right 
atrial function approximately 6 months after the 
maze I, maze II, or maze III procedure 
Maze I Maze H Maze II I  
Postop. test (n = 32) (n = 11) (n = 47) 
Transesophageal  ECHO N/A N/A 5/5 
Transthoracic ECHO 27/32 9/10 44/47 
MRI  16/17 4/4 4/4 
Total  with posit ive RA 100 100 98 
function (%) 
The total number of patients undergoing a given test appears in the 
denominator. The numerator represents he number of patients who had 
right atrial (RA) transport function present as determined by that test. All 
comparisons among all three procedures are statistically insignificant. 
ECHO, Echocardiography; MR/, magnetic resonance imaging; N/A, not 
applicable, that is, the test was not performed. (Note that the total number 
of patients having positive function may not be the sum of the individual 
positive tests. The reason is that some patients had two or more tests that 
were positive and some had only one test that was positive.) 
Table IX. The incidence of postoperative l ft atrial 
function approximately 6 months after the maze I, 
maze II, or maze III procedure 
Maze I Maze I I  Maze II I  
Postop. test (n = 32) (n = 11) (n = 47) 
Transesophageal  ECHO N/A N/A 5/5 
Transthoracic ECHO 19/32 6/10 40/47 
MRI  15/17 3/4 4/4 
Total  with posit ive LA  72 64 94%*~ 
function (%) 
The total number of patients undergoing a given test appears in the 
denominator. The numerator represents he number of patients who had 
left atrial (LA) transport function present as determined by that test. 
ECHO, Echocardiography; MR/, magnetic resonance imaging; N/A, not 
applicable, that is, the test was not performed. See text for further 
discussion. (Note that the total number of patients having positive function 
may not be the sum of the individual positive tests. The reason is that some 
patients had two or more tests that were positive and some had only one 
test that was positive.) 
*/7 < 0.02, maze III compared with maze I. 
tp < 0.02, maze n I  compared with maze n. 
completely changed the degree of technical difficulty 
and has since become the technique of choice, the 
maze III procedure. The present analysis of our 
clinical results indicate that the maze III procedure 
is likewise as safe and effective as its predeces- 
sors. The slightly higher operative mortality rate 
associated with the maze III procedure in this se- 
ries reflects the expansion of surgical application to 
a higher risk group of patients. The periopera- 
tive morbidity is essentially the same for all three 
procedures. 
Inappropriate sinus tachycardia s slightly more 
prevalent several months after the maze III proce- 
dure, but this is a minor clinical problem that is 
easily controlled. More important, after the maze III 
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procedure, the pacemaker equirements are less 
than one half those after the original procedure and 
the chronotropic response to maximal exercise is 
entirely normal in more than 87% of patients. 
Moreover, inasmuch as the chronotropic response 
to exercise is time-dependent, this number can be 
expected to increase on further follow-up. Thus it 
would appear that deletion of the maze I incision 
that traversed the sinus tachycardia region of the 
atrial pacemaker complex alleviated the problem of 
a blunted sinus node response to postoperative 
exercise. 
Translocating the left atrial dome incision to a 
more posterior position behind Bachmann's bundle 
resulted in a higher incidence of detectable left 
atrial function after the maze III procedure than 
after either of its predecessors. Indeed, after the 
maze III procedure, right atrial function is preserved 
or restored in 98% of patients and left atrial func- 
tion is preserved or restored in 94% of patients. 
However, even in the patients who have no detect- 
able left atrial function, regardless of the type of 
procedure, the atria as a whole contribute to the 
improvement of forward cardiac output. This clini- 
cal finding is entirely consistent with the experimen- 
tal observations made 15 years ago when we 23 
analyzed the effects of surgical isolation of the left 
atrium from the rest of the heart. Those studies 
showed that as long as there is right atrial-to-right 
ventricular synchrony and preserved right atrial 
function, the forward cardiac output is normal re- 
gardless of whether the left atrium is contracting. In 
such a situation, the normal right-sided AV syn- 
chrony results in a normal right-sided cardiac out- 
put, which is delivered, via the pulmonary vascular 
bed, to the left side of the heart. The left ventricle 
adapts instantaneously to this normal right-sided 
output, by increasing its end-diastolic volume, and 
delivers a normal left-sided output. Neither the 
synchronicity nor the strength of contraction of the 
left atrium has any effect on these hemodynamic 
interactions between the right and left sides of the 
heart provided the left ventricle is not dysfunctional. 
Simply documenting the presence or absence of 
atrial contraction by one or more of these tech- 
niques does not address two important questions 
regarding how to interpret he functional results of 
these surgical procedures for the management of 
atrial fibrillation. The first question is this: "What is 
the amount of atrial transport function that is pre- 
served or restored after operations for paroxysmal 
or chronic atrial fibrillation?" Overall atrial trans- 
port function is easily quantitated by differential 
atrial versus AV sequential pacing. Although efforts 
have been made to quantitate individual right atrial 
or left atrial transport function using Doppler flow 
studies across the respective AV valves, 19 no satis- 
factory method has been developed for quantitating 
the transport function of one atrium independently 
from the other atrium. Therefore, although our 
postoperative Doppler flow studies demonstrate 
that both right atrial and left atrial transport func- 
tion are indeed present after the various maze 
procedures, the magnitude of that atrial contraction 
in comparison with that of a normal atrium is 
impossible to quantitate. It is safe to assume, how- 
ever, that any atrial contraction is better than no 
atrial contraction, the condition that occurs during 
atrial fibrillation. Furthermore, our differential pac- 
ing studies demonstrate hat the synchronous con- 
traction of both atria with the ventricles (AV se- 
quential pacing) results in a substantial increase in 
forward cardiac output in comparison with that 
measured in the absence of atrial contraction (ven- 
tricular pacing alone). 
The second question is this: "How much left atrial 
function is necessary to alleviate the risk of systemic 
thromboemoblism?" Although the answer is un- 
known, some interesting and pertinent observations 
can be made. It is generally accepted that the major 
reason that atrial fibrillation leads to mural thrombi 
in the left atrium is stasis of blood in that chamber. 
It is important o remember, however, that both 
atria fibrillate during atrial fibrillation. Therefore, 
one might expect blood stasis to be just as promi- 
nent in the right atrium as it is in the left atrium, yet 
mural thrombosis in the right atrium with pulmo- 
nary embolism is not commonly associated with 
atrial fibrillation. What is different about the left 
atrium? The most obvious relevant difference is the 
compartment-like anatomy of the left atrial append- 
age with a narrow, definitive introitus and long 
hollow body that is located peripheral to the main 
flow stream of blood in the left atrium compared 
with the broad-based, poorly defined entrance into 
the shallow right atrial appendage that is immedi- 
ately adjacent o the main flow stream of blood in 
the right atrium. Thus excision of the left atrial 
appendage would intuitively seem to decrease the 
subsequent threat of left atrial thrombus formation. 
If, in addition, synchronous contraction of the left 
atrium with the left ventricle is restored, regardless 
of how strong or how feeble that contraction, the 
threat of thromboembolism should be decreased 
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even further. Indeed, the pulmonary veins do not 
contract, yet they are not a source of mural thrombi. 
Therefore, ill the main source of thrombi, the atrial 
appendage, is removed from the left atrium, and 
regular, rhythmic blood flow is reestablished 
through the left atrium by the restoration of a sinus 
rhythm, it is conceivable that the threat of throm- 
boembolism would be alleviated regardless of 
whether the left atrium is contracting at all. On the 
other hand, if the left atrium is contracting, as it has 
been shown to be in 94% of our patients, the threat 
of thromboembolism should be eliminated. This 
reasoning is consistent with our results in the 28 
patients with documented evidence of systemic 
thromboembolism related to preoperative atrial fi- 
brillation, one of whom had had four separate 
strokes and a severe myocardial infarction because 
of embolization of the right coronary artery before 
the operation. Postoperatively, only one TIA has 
occurred in any of these patients in nearly 7 years 
after the maze procedure. 
In summary, the original maze I procedure was 
sometimes followed by an inadequate chronotropic 
response of the SA node to maximum exercise and 
by occasional left atrial dysfunction. The technical 
modifications, culminating in the maze III proce- 
dure, have been successful in alleviating those two 
late postoperative problems without changing the 
efficacy of the procedure in curing atrial flutter and 
atrial fibrillation. Indeed, in comparison with the 
maze I procedure, the maze III procedure is asso- 
ciated with a higher incidence of postoperative sinus 
rhythm, improved long-term SA node function, 
fewer pacemaker requirements, less arrhythmia re- 
currence, and improved long-term atrial transport 
function. In addition, the maze III procedure is 
technically less demanding than either the maze I or 
maze II procedure. For these reasons, the maze III 
procedure is now the technique of choice for the 
surgical treatment of patients with atrial fibrillation. 
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